Therapeutic human papillomavirus (HPV) vaccines have the potential to inhibit the progression of an established HPV infection to precancer and cancer lesions by targeting HPV oncoproteins. We have previously developed a therapeutic DNA vaccine encoding calreticulin (CRT) linked to E7, CRT/E7 DNA vaccine, for use in the treatment of HPV-associated lesions. Since the transfection efficiency of DNA vaccines administered in vivo is typically low, we examined the use of electroporation as well as different routes of administration to enhance antigen-specific tumor control. We tested the effects of the CRT/E7 DNA vaccine administered intramuscularly or intravaginally, with or without electroporation, on the generation of CD8+ T-cell immunity and therapeutic antitumor effects in HPV16 E7-expressing cervicovaginal tumor-bearing mice. We found that intravaginal vaccination of CRT/E7 DNA followed by electroporation-induced potent E7-specific CD8 + T-cell responses in the cervicovaginal tract, compared with intramuscular injection followed by electroporation. Furthermore, tumor-bearing mice vaccinated intravaginally followed by electroporation had an enhanced survival, antitumor effects and local production of IFN-γ+CD8+ T cells compared with those vaccinated intramuscularly with electroporation. Thus, we show that intravaginal CRT/E7 DNA vaccination followed by electroporation generates the most potent therapeutic antitumor effects against an orthotopic E7-expressing tumor model. The current study will have significant clinical implications once a clinically applicable electroporation device for intravaginal use becomes available. 2 The identification of HPV as the etiologic factor for cervical cancer creates an opportunity for developing therapeutic HPV vaccines in order to inhibit the progression of established HPV infection toward HPV-precancer and cancer lesions (for review see [3] [4] [5] ). The two HPV viral oncoproteins, E6 and E7, are required for the induction and maintenance of cellular transformation, and are consistently coexpressed in HPV-associated cancers.
INTRODUCTION
Human papillomaviruses (HPVs) are the primary etiologic agents of cervical cancer, 1 and cervical cancer is the third most common female cancer worldwide. 2 The identification of HPV as the etiologic factor for cervical cancer creates an opportunity for developing therapeutic HPV vaccines in order to inhibit the progression of established HPV infection toward HPV-precancer and cancer lesions (for review see [3] [4] [5] ). The two HPV viral oncoproteins, E6 and E7, are required for the induction and maintenance of cellular transformation, and are consistently coexpressed in HPV-associated cancers. 6, 7 Thus, they represent ideal targets for the development of a therapeutic HPV vaccine.
We have previously employed a therapeutic DNA vaccine targeting E7 for use in HPV-associated disease. This vaccine, pcDNA3-CRT/E7, encodes calreticulin (CRT), linked to E7 and has been shown to enhance antigen-specific CD8+ T-cell-mediated immune responses in a preclinical model. 8, 9 Although the CRT/E7 DNA vaccine elicited potent antigen-specific antitumor effects against E7-expressing TC-1 tumors in mice, DNA vaccines typically suffer from low transfection efficiency. Therefore, an improved administration strategy for CRT/E7 DNA vaccination is an attractive immunotherapeutic approach for an enhanced antigen-specific tumor control.
Electroporation, used immediately following a DNA vaccine injection, transiently increases the permeability of the plasma membrane by an electrical current, which allow increased uptake of the DNA plasmid. 10 Previously, we have shown that intramuscular DNA vaccine administration followed by electroporation elicits the strongest CD8+ T-cell immune responses compared with intramuscular injection alone, or to delivery by a gene gun. 10 Thus, electroporation is an ideal strategy to enhance the efficacy of the CRT/E7 DNA vaccine.
Another important consideration regarding the delivery of a therapeutic vaccine is the route of administration, which can have an effect on the location in which the most potent cell-mediated immune responses are generated. It has been shown that the generation of an antitumor response at the location of the tumor, compared with a systemic immune response in the blood, is important for tumor regression. 11 Local immune responses at the lesion site have been associated with disease clearance, suggesting the importance of both eliciting an HPV immune response and appropriately targeting it to the lesion site. 12, 13 Intravaginal (Ivag) immunization with HPV pseudoviruses carrying DNA encoding HPV antigens was found to induce local HPV-specific CD8+ T-cell responses. 14 Therefore, the therapeutic effects of CRT/E7 DNA vaccine against HPV-associated cervicovaginal tumors may be enhanced when the vaccine is delivered intravaginally.
In the current study, we examined the effects of a therapeutic HPV DNA vaccine administered through different routes with or without electroporation on the generation of HPV-specific CD8+ T-cell-mediated immunity and therapeutic antitumor effects using an orthotopic HPV16 E7-expressing tumor model. We found that electroporation increased the expression of the protein encoded by DNA construct delivered submucosally in the cervicovaginal tract. Furthermore, we observed that intravaginal vaccination of CRT/E7 DNA followed by electroporation induced significantly more potent E7-specific CD8 + T-cell responses, especially in the cervicovaginal tract, compared with intramuscular injection with or without electroporation. Additionally, orthotopic TC-1 tumorbearing mice vaccinated intravaginally followed by electroporation demonstrated improved survival and antitumor effects as well as increased local production of IFN-γ+ CD8+ T cells compared with those vaccinated intramuscularly followed by electroporation. Furthermore, we observed that mice vaccinated with CRT/E7 intravaginally with electroporation generated a significantly higher percentage of α4β7+ E7-specific CD8+ T cells in the cervicovaginal tract compared with mice vaccinated intramuscularly with electroporation. Thus, our results indicate that intravaginal vaccination with CRT/E7 DNA followed by electroporation may be a promising way to generate potent therapeutic antitumor effects against in the cervicovaginal tract.
RESULTS
Electroporation increases expression of the protein encoded by DNA construct delivered submucosally in the vaginal tract We first examined the efficiency of protein expression of a DNA construct delivered by submucosal injection in the cervicovaginal tract with or without electroporation by using C57BL/6 mice and a luciferase-expressing DNA construct. Mice were left untreated or were submucosally injected in the vagina with 20 μg pcDNA3-luciferase followed with or without electroporation. As shown in Figure 1a , after 48 h, the luciferase activity in the mice was measured by IVIS. Mice vaccinated intravaginally followed by electroporation had a significantly greater luciferase activity in the cervicovaginal tract compared with mice that received the vaccination without electroporation (Figure 1b) . These data indicate that electroporation can significantly enhance the expression of DNA construct delivered submucosally in the cervicovaginal tract compared with delivery without electroporation.
Potent systemic and local antigen-specific CD8 + T-cell responses are induced by vaginal submucosal vaccination with electroporation We then examined HPV16 E7-specific CD8+ T-cell immune responses in C57BL/6 mice vaccinated with pcDNA3-CRT/E7 by various routes with or without electroporation. Mice were vaccinated with pcDNA3-CRT/E7 (20 μg) through either intravaginal or intramuscular injection with or without subsequent electroporation. The mice were then boosted with the same regimen 1 week later. Seven days after the last vaccination, splenocytes and cervicovaginal cells were harvested for analysis by flow cytometry. As shown in Figures 2a and b , the number of E7-specific CD8+ T cells among splenocytes was significantly higher in mice receiving electroporation following pcDNA3-CRT/E7 vaccination, compared with those that did not receive electroporation. Figures 2c and d demonstrate that mice vaccinated intravaginally followed by electroporation generated the highest number of E7-specific CD8+ T cells among cervicovaginal cells compared with all other treatment groups. Interestingly, CD8+ cells are rare in the vaginal tissue; only mice vaccinated intravaginally followed by EP generated higher amount of CD8+ T cells with many being E7-specific (Figure 2c ). These data indicate that intravaginal vaccination followed by electroporation generates potent antigen-specific CD8+ T-cell-mediated immune responses both systemically and locally, whereas intramusuclar vacciniation followed by electroportaiont only generates systemic immune responses.
Intravaginal injection of HPV DNA vaccine followed by electroporation generates better antitumor effects and significantly prolonged survival in tumor-bearing mice compared with intramuscular injection followed by electroporation Next, we tested the ability of the vaccine, administered by various routes with electroporation, to treat mice with cervicovaginal tumor. Mice were injected with 2 × 10 4 TC1-luc cells submucosally in the cervicovaginal tract. The mice were then vaccinated with pcDNA3-CRT/E7 via intramuscular or intravaginal injection followed by electroporation on day 3 and then boosted with the same regimen 1 week later. As shown in Figure 3 , mice treated with pcDNA3-CRT/E7 intravaginally followed by electroporation had significantly increased antitumor effects compared with those vaccinated intramuscularly followed by electroporation, as shown by decreased luciferase activity. Furthermore, mice treated with pcDNA3-CRT/E7 intravaginally followed by electroporation had a significantly prolonged survival compared with those vaccinated intramuscularly. Taken together, these data suggest intravaginal vaccination with CRT/E7 DNA followed by electroporation significantly improves antitumor effects and survival of tumorbearing mice compared with intramuscular vaccination followed by electroporation.
Potent systemic and local antigen-specific IFN-γ+ CD8 + T-cell responses are induced by vaginal submucosal vaccination with electroporation We next examined the effect of DNA vaccination through different routes followed by electroporation on the production of IFN-γ-secreting antigen-specific CD8+ T cells systemically and locally in mice with cervicovaginal tumors. TC-1 tumor-bearing mice were vaccinated with pcDNA3-CRT/E7 via intramuscular or intravaginal injection followed by electroporation on day 3. The vaccinated mice were boosted with the same regimen 1 week later. Seven days after the last vaccination, the mice were sacrificed in order to harvest splenocytes and cervicovaginal cells. The cells were then stimulated with HPV16 E7 peptide and IFN-γ-secreting E7-specific CD8 + T cells were detected by intracellular cytokine staining followed by a flow cytometry analysis. As shown in Figures 4a and b, mice vaccinated intramuscularly followed by electroporation and mice vaccinated intravaginally followed by electroporation generated a significantly greater number of IFN-γ+ E7-specific CD8+ T cells among the splenocytes compared with control mice. However, mice vaccinated intravaginally followed by electroporation had signifcantly greater IFN-γ+ E7-specific CD8+ T cells among cervicovaginal cells compared with both control mice and mice vaccinated intramuscularly followed by electroporation (Figures 4c and d) . Of note, substantial number of non-reactive CD8+ T cells collected were also collected. Nevertheless, these data suggest that intravaginal HPV DNA vaccination followed by Intravaginal injection of HPV DNA vaccine followed by electroporation generates α4β7 expressing E7-specific CD8+ T cells in the cervicovaginal tract Finally, we examined the expression of tissue resident T-cell markers α4β7 and CD49a on the E7-specific CD8+ T cells elicted by the vaccination with pcDNA3-CRT/E7 through different routes. α4β7 is a mucosa-associated homing integrin that functions by interacting with the mucosal addressin cell adhesion molecule-1 (MAdCAM-1) (for review see Gorfu et al.) .
15 CD49a is a mucosal integrin that is important for intratumoral CD8+ T-cell infiltration. 11 Mice were vaccinated with pcDNA3-CRT/E7 through either intravaginal or intramuscular injection followed by electroporation and boosted with the same dose and regimen 1 week later. Cervicovaginal cells were isolated 1 week after the last immunization and analyzed for the expression of α4β7 and CD49a by flow cytometry. Mice vaccinated intravaginally with pcDNA3-CRT/E7 generated a significantly higher percentage of α4β7+ E7-specific CD8+ T cells among all cervicovaginal cells compared with mice vaccinated intramuscularly (Figures 5a and b) . However, no difference was observed in the percentage of CD49+ E7-specific CD8+ T cells among all cervicovaginal cells between mice vaccinated intravaginally and intramuscularly with pcDNA3-CRT/ E7 followed by electroporation (Figures 5c and d) . These data imply that intravaginal vaccination with CRT/E7 DNA followed by electroporation may enhance the population of α4β7+ tissue resident CD8+ T cells in the cervicovaginal tract.
DISCUSSION
In the current study, we demonstrated that intravaginal delivery of DNA construct followed by electroporation increased the expression of the protein encoded by the DNA plasmid compared with delivery without electroporation. Additionally, CRT/E7 DNA vaccination intravaginally followed by electroporation induces increased E7-specific CD8+ T cells systemically and locally. Using a tumor treatment model, intravaginal vaccination with CRT/E7 followed by electroporation generated significantly improved antitumor effects and prolonged survival compared with intramuscular vaccination with electroporation. Furthermore, intravaginal vaccination generated significantly more potent local IFN-γ E7-specific CD8+ T-cell immune responses as well as α4β7-expressing E7-specific CD8+ T cells in the cervicovaginal tract than intramuscular vaccination with electroporation. Taken together, these data suggest that intravaginal vaccination with CRT/E7 DNA vaccine followed by electroporation generates potent local and systemic E7-specific cell-mediated immune responses and antitumor effects against an orthotopic cervicovaginal tract.
Here we found that intravaginal administration of CRT/E7 DNA vaccine followed by electroporation elicited high local and systemic immune responses, whereas intramuscular vaccination with electroporation generated substantial systemic immune responses only. We further assessed whether electroporation contributes to the observed antitumor effects. As shown in Supplementary Figure 1 , we found that vaccination with naked backbone DNA construct, pcDNA3 followed by electroporation alone did not generate any appreciable antitumor effects compared with non-treated tumor-bearing mice. This suggests that the observed therapeutic effect is the outcome of local antigen-specific CD8+ T-cell immune response elicited by DNA vaccination that is enhanced by electroporation rather than the accidental electrocuting of tumor cells as a result of local electroporation. We further found that intravaginal vaccination with CRT/E7 DNA with electroporation elicited a high percentage of α4β7-expressing E7-specific CD8+ T cells in the cervicovaginal tract. These data suggest that local vaccination may better at generating a local CD8+ T-cell-mediated response than vaccination at a distant administration site. Indeed, investigators have shown that that intravaginal immunization with HPV pseudoviruses carrying DNA encoding antigens induced potent antigenspecific intraepithelial CD103+ CD8+ T-cell responses in the cervicovaginal mucosa.
14 This local vaccination regimen promoted local proliferation and retention of primed antigen-specific CD8+ T cells.
14 Furthermore, Sandoval et al. 11 demonstrated that mucosal vaccination generated better CD8+ T-cell responses at the site of mucosal TC-1 tumors in mice. Additionally, the generation of effector memory T cells that home to epithelium of the cervicovaginal tract may be particularly important in the induction of an effective immune response against HPVassociated cervical tumors. 12 In the future, it will be important to determine the mechanism of this process.
The CRT/E7 DNA vaccine employed in the current study is being tested in clinical trials. An ongoing Phase I clinical trial is examining three routes of pNGVL4a-CRT/E7(detox) vaccine administration (intradermal administration via gene gun, intramuscular administration and intralesional delivery) to treat CIN 2/3 lesions in HPV16 positive patients (NCT00988559). 16 Furthermore, pNGVL4a-CRT/E7(detox) has been explored in a phase I trial in combination with cyclophsosphamide in HPV16-associated head and neck cancer patients (NCT01493154). Thus, the current study has a significant potential for translation to the clinic.
In order for this treatment regimen to be translated to the clinic, creation of an appropriate electroporation device will be required. Currently, the electroporation devices used in the clinic for enhancing the efficiency of DNA vaccination are used in conjunction with intramuscular injection of the vaccine. For example, a Phase 2 trial is being conducted in CIN 2/3 patients to test the VGX-3100 DNA vaccine administered intramuscularly followed by electroporation with the CELLECTRA constant current device by Inovio Pharmaceuticals (NCT01304524). The Phase I trial in head and neck cancer patients mentioned above uses the Ichor Medical Systems TriGrid Delivery System for electroporation following intramuscular vaccination with pNGVL4a-CRT/E7(detox) (NCT01493154). The TriGrid Delivery System has also been tested in combination with a therapeutic HPV DNA vaccine (GX-188E) in CIN 3 patients (NCT01634504). Thus, the current study provides substantial motivation for the development of a modified electroporation device that can be applied to the to the cervicovaginal area.
In summary, the current study we demonstrate that submucosal intravaginal vaccination followed by electroporation generates potent mucosal and systemic CD8+ T-cell immune responses and antitumor effects against orthotopic TC-1 tumors. Because local cell-mediated immune responses are important for the clearance of HPV-associated tumor cells, the approach described in the current study may likely be applied for the control of HPVassociated lesions in the cervicovaginal tract.
MATERIALS AND METHODS Mice
6-8 week-old female C57BL/6 mice were purchased from the National Cancer Institute and housed in the Johns Hopkins Oncology Center Animal Facility. All animal procedures were performed according to approved protocols and in accordance with recommendations for the proper use and care of laboratory animals.
Cells
TC-1 cells that express luciferase (TC-1/luc) were generated and cultured by the using methods that has been described previously 17 and cultured as described. Antibodies, peptide and HPV16 E7 tetramer FITC and PE-conjugated anti-mouse CD8a (clone 53.6.7), FITC-conjugated anti-mouse IFN-γ (clone XMG1.2), AF647-conjugated anti-mouse CD49a (clone Ha31/8) antibodies, and purified anti-mouse CD16/32 (Fc Block) were purchased from BD Pharmingen (San Diego, CA, USA). APCconjugated anti-mouse α4β7 (clone DATK32) was purchased from eBioscience (San Diego, CA, USA). The H-2D b -restricted HPV16 E7aa49-57 peptide, RAHYNIVTF, was synthesized by Macromolecular Resources (Denver, CO, USA) at a purity of ⩾ 80%. PE-conjugated, HPV16 E7aa49-57 peptide-loaded H-2D b tetramer was provided by NIH Tetramer Core Facility and has been used in our previous studies. 17, 19 DNA vaccines
The construction of the pcDNA3-CRT/E7 plasmid DNA vaccine used in this study has been described previously.
8 pcDNA3-luciferase DNA plasmid was a generous gift from Dr Hyam I Levitsky (Johns Hopkins Medical Institutions, Baltimore, MD, USA).
DNA vaccination
Mice were anesthetized before vaccination. Based on our previous experience, 20 μg per mouse of plasmid DNA is effective in generating potent antigen-specific CD8+ T-cell response, 17 and is thus chosen as the dose for DNA vaccine in this study. For vaginal vaccination, 20 μg of pcDNA3-CRT/E7 DNA vaccine was submucosally injected into the lateral vaginal wall of the mice and either followed immediately by electroporation or left untreated. For intramuscular vaccination, 20-μg pcDNA3-CRT/E7 plasmid was injected into quadriceps femoris muscle of mice and either followed immediately by electroporation or left untreated. The mice were boosted with the same regimen one week later.
Electroporation
For vaginal vaccination, pcDNA3-luciferase or pcDNA3-CRT/E7 plasmid was submucosally injected into the lateral vaginal wall of the mice. This was followed by electroporation with an ECM830 Square Wave Electroporation System (BTX Harvard Apparatus company, Holliston, MA, USA). The electroporation was performed at the injection site using a tweezertrode with one plate inside the vagina and the other on the ipsilateral vulva. Eight pulses of 72 V each were delivered for 20-ms pulse duration at 200 ms intervals. For intramuscular vaccination, pcDNA3-CRT/E7 plasmid was injected into quadriceps femoris muscle of mice and immediately followed by electroporation with two-needle array electrodes and fifteen pulses of 72 V each were delivered for 20-ms pulse duration at 200 ms intervals.
Splenocyte and cervicovaginal cell preparation
Seven days after the last vaccination, spleen and cervicovaginal tissues were harvested from the mice. Vaginal tissues were surgically excised by using a sterile technique, placed in RPMI-1640 medium containing 100 U ml − 1 penicillin and 100 μg ml − 1 streptomycin and washed with phosphate-buffered saline. The tissues were then minced into 1-2-mm pieces and immersed in serum-free RPMI-1640 medium containing 0.05 mg ml − 1 collagenase I, 0.05 mg ml − 1 collagenase IV, 0.025 mg ml
hyaluronidase IV, 0.25 mg ml − 1 DNase I, 100 U ml − 1 penicillin and 100 μg ml − 1 streptomycin and incubated at 37°C with periodic agitation for 1 h. The vaginal digest was then filtered through a 70-μm nylon filter mesh to remove undigested tissue fragments. The resultant single cervicovaginal cells were washed twice in phosphate-buffered saline, and viable cells were identified using trypan blue dye exclusion. For the preparation of splenocytes, the spleen was meshed through a 70-μm nylon filter mesh. After the lysis of red blood cells with ACK lysis buffer, the cells were washed and viable cells were identified using trypan blue dye exclusion.
Flow cytometry analysis
For the analysis of HPV16 E7-specific CD8+ T-cell responses with tetramer, splenocytes (1 × 10 6 ) and cervicovaginal cells (3-5 × 10 5 ) were washed once with FACS wash buffer (phosphate-buffered saline+0.5 BSA). To avoid nonspecific antibody binding through surface Fc receptor, all cells were preincubated with BD Fc Block. The cells were then stained with FITCconjugated anti-mouse CD8a and PE-conjugated HPV16 E7aa49-57 peptideloaded H-2D b E-7 tetramer. After being washed, the cells were acquired with FACSCalibur flow cytometer (BD Biosciences, Mountain View, CA, USA) and analyzed with FlowJo software (TreeStar Inc., Ashland, OR, USA).
For the analysis of HPV16 E7-specific CD8+ T-cell responses with intracellular IFN-γ staining, splenocytes (5 × 10 6 ) and cervicovaginal cells (5 × 10 5 ) were stimulated overnight with 1 μg ml − 1 HPV16 E7aa49-57 peptide in the presence of 1 μl ml − 1 GolgiPlug (BD Pharmingen). The stimulated cells were washed once with FACS wash buffer and stained with PE-conjugated anti-mouse CD8a antibody. Cells were then permeabilized and fixed using the Cytofix/Cytoperm kit according to the manufacture's instruction (BD Pharmingen). Intracellular IFN-γ was stained with FITC-conjugated anti-mouse IFN-γ antibody. After being washed, the cells were acquired with FACSCalibur flow cytometer and analyzed with FlowJo software.
In vivo tumor treatment experiments 2 × 10 4 TC-1 per luc cells were submucosally injected at the lateral vaginal wall of the mice by using methods described previously. 20 It has been shown that this number of tumor cells can lead to a tumor growth success rate of 82%. 21 Three days later, mice were vaccinated with 20 μg of pcDNA3-CRT/E7 as indicated. The mice were boosted once with the same regimen 1 week later. Cervicovaginal tumor growth was monitored by bioluminescence using a Xenogen IVIS 100 imager (Calioer Life Science, Hopkinton, MA, USA) at indicated time.
Statistical analysis
All data are expressed as mean ± s.d. Comparisons between individual data points were made using Student's t-test. The non-parametric MannWhitney test was used for comparing two different groups. Results for tumor treatment experiments were evaluated by Kaplan-Meier analysis. All P-values o0.05 were considered significant.
